Abstract-Orthogonal frequency division multiple access (OFDMA), adopted in the IEEE 802.16e WiMax system, possesses many advantages in the physical layer, but also poses many challenges from the aspect of radio resource allocation. In the IEEE 802.16e WiMax system, a truncated binary backoff algorithm is adopted for resolving the contention in random access, while the time-division OFDMA is used for the connection-oriented access. One interesting radio resource allocation issue in such an OFDMA system is to partition the overall radio resource (bandwidth and time duration) into two portions: one for random access and the other for connection-oriented access. The main contribution of this paper is to design an analytical approach to determine the optimal amount of reserved radio resource in both time and frequency domains for random access with the objective of maximizing the overall efficiency of radio resource while satisfying the delay requirements for supporting real-time services. Furthermore, an analytical model for calculating the access latency and the efficiency of the reserved radio resources is developed.
I. INTRODUCTION
The IEEE 802.16e World Interoperability for Micorwave Access (WiMax) system supports both the fixed and mobile point-to-multipoint (PMP) networks and will become an important wireless metropolitan area network [1] . The IEEE 802.16e WiMax system adopts the orthogonal frequency division multiple access (OFDMA) technique, which has many advantages in the physical layer such as overcoming the mutipath fading.
A. Problem Statement
Radio resource allocation is an important aspect that should be considered to enhance the overall performance of the OFDMA system further. In the OFDMA system, radio resources can be allocated in either time domain or frequency domain. Both the connection-oriented and contention-based medium access control (MAC) protocols are adopted for allocating radio resource in the IEEE 802.16e WiMax system. The purpose for the connection-oriented MAC protocol is to allow users to transmit data in a reserved chunk of time slots and sub-channels. However, before transmitting data, mobile stations (MSs) must send requests for the access permission This work was jointly supported by the National Science Council, Taiwan and the MOE ATU program under the contract NSC-96-2221-E-009-061.
from the base station (BS). The access permissions are granted based on a certain contention procedure in a reserved chunk of time slots and sub-channels. Intuitively, increasing the reserved resources for contention can shorten the access latency since there are fewer collisions, but it also decreases the overall spectrum efficiency. Therefore, determining how long and how many sub-channels an OFDMA system should reserve for the contention-based random access scheme is an important issue.
This paper presents an analytical approach to determine the optimal number of reserved sub-channels and time slots for the random access scheme in the the OFDMA-based IEEE 802.16e system. We formulate an optimization problem to maximize the efficiency of the reserved radio resources while meeting the delay requirement for supporting realtime applications. It is noteworthy that we consider a multichannel random access scheme based on the truncated binary backoff algorithm. Because multiple channels are reserved for contention, the multi-channel random access scheme can allow multiple users to access the sub-channels concurrently, unlike the carrier-sense multiple access (CSMA) MAC protocol. Moreover, to reduce collisions during the contention period, the truncated binary backoff algorithm is implemented in the IEEE 802.16e WiMax system to adjust the user's transmission time according to the number of collisions in his previous attempt. Based on the proposed approach, performance enhancement can be achieved without changing the specifications of the IEEE 802.16e WiMax. To our knowledge, there have been few reports on the performance analysis of this kind of multi-channel random access scheme with the truncated binary backoff and its impact on the design of the optimal number of the reserved sub-channels and time slots in the OFDMA systems.
B. Related Work
Several previous studies have reported reducing access latency in the IEEE 80216e WiMax system. The authors in [2] suggested a method to simplify the conventional network entry/re-entry process. In [3] , a new contention resolution algorithm was proposed for the multi-channel random access in OFDMA systems, in which data are transmitted at abundant sub-channels so that collisions and access delay are decreased. In [4] , a new set of orthogonal signals were designed to reduce the number of attempts for ranging, i.e., adjusting the uplink transmission power and timing. In [5] , the authors suggested a sub-carrier permutation algorithm to improve the link reliability and to decrease the number of retransmissions. It seems that most of the aforementioned approach may require modifying the specifications of the current IEEE 802.16e WiMax system. Some analysis techniques have been reported to investigate the MAC performance of the IEEE 802.16e WiMax system. The throughput of the connection-oriented MAC protocol of the IEEE 802.16e WiMax system was investigated by considering the overhead of the control channels [6] , [7] . In addition, the frame access delay in the contention and polling process of the IEEE 802.16e networks have been studied in [8] , [9] . Nevertheless, in [8] , [9] , it was assumed that the slotted ALOHA is used to resolve the contentions in the channel access. To our knowledge, the access latency analysis of a joint contention-and connection-oriented multi-channel access scheme combined with the binary backoff algorithm used in the IEEE 802.16e WiMax system is an open issue.
C. Organization of the Paper
The rest of paper is organized as follows. In Section II, we first introduce the connection setup procedure in IEEE 802.16e and present the role of random access in connection setup. Next, we describe the IEEE 802.16 MAC protocol and its contention resolution mechanism in Section III. The parameter design problem and the performance analysis are given in Section IV. Finally, we give the numerical results and our concluding remarks in Sections V and VI, respectively.
II. BACKGROUND

A. IEEE 802.16e Re-entry process
As a mobile station moves across base stations, the network re-entry process is initiated to establish and reserve a channel. During the re-entry process, the access latency to the new target base station should be reduced to meet the requirements for supporting real-time services. The key steps in the network re-entry process are downlink/uplink synchronization, ranging, re-authorization, re-registration and bandwidth request. The total latency D re−entry of the network re-entry process can be expressed by
where D syn , D rng , D auth , D reg , and D bw req represent the delays in the steps of downlink/uplink synchronization, ranging, re-authorization, re-registration and bandwidth request, respectively. Among these steps, D syn is only in the scale of OFDMA symbols and is much shorter than a frame period. D auth and D reg are considered in the backbone network. Thus, (D syn , D auth and D reg ) can be negligible for the calculation of the handoff latency. However, the initial ranging and bandwidth request are not only executed in real-time but also need to resolve the collisions due to the random access. Therefore, the access latency of the initial ranging and bandwidth request is the dominating factor for the performance of the network re-entry process. Figure 1 illustrates the frame structure in the IEEE 802.16e OFDMA-TDD mode. A downlink sub-frame starts with preamble symbols followed by downlink map (DL-MAP) and uplink map (UL-MAP), which are used to inform the users of their allocated sub-channels and time slots. After downlink data and an additional transmit/receive transition gap (TTG), the ranging and bandwidth request as well as users' uplink data are transmitted. After a receive/transmit transition gap (RTG), the same procedures are repeated.
B. Frame Structure and Link Establishment Procedures in the OFDMA-TDD Mode
The IEEE 802.16e WiMax system adopts a connectionoriented MAC protocol. Thus, mobile stations have to make a reservation with the base station before transmitting data. In Fig. 1 , having packets ready to send in the uplink sub-frame k, mobile stations first transmit bandwidth requests at the reserved ranging/bandwidth request sub-channels. Receiving these requests, the base station allocates the sub-channels in the UL-MAP of the next downlink sub-frame k + 1.
III. PROBLEM FORMULATION
A. Multi-channel Random Access Protocol with Collision Avoidance
To transmit the initial ranging and bandwidth request messages, the IEEE 802.16e WiMax system adopts the multichannel random access with the truncated binary exponential backoff algorithm [1] . This backoff algorithm can resolve the contentions between mobile stations in the process of random channel access. For a given initial backoff window size, a mobile station first selects a random number of time slots smaller than the backoff window size and defers its transmission until the end of the selected time period. After waiting for this period, the mobile station randomly selects a sub-channels and sends the bandwidth request and the ranging request (RNG REQ) frames. Receiving the request successfully, the base station allocates the sub-channels and time slots for the new connection in the next DL-MAP or UL-MAP. However, as shown in Fig. 2 , collisions may occur when the bandwidth/ranging request frames are transmitted. If the base station fails to response the bandwidth/ranging request frames after a timeout duration, T rng or T bw req , the mobile station doubles its backoff window size and repeats the aforementioned procedures until reaching the maximum number of transmission attempts. Here, T rng or T bw req are defined as the waiting periods for the ranging response (RNG RSP) frame and the bandwidth grant frame, respectively.
B. Resources Partition Optimization
Now we formulate a mixed-integer nonlinear programming (MINLP) optimization problem with the objective of maximizing the efficiency of the reserved chunk of sub-channels and time slots for random access subject to the delay constraint of supporting real-time services. Define the efficiency η as the ratio of the reserved chunk of sub-channels and time slots on which bandwidth request and ranging requests frames are successfully transmitted over the total reserved radio resources. Denote r and m as the numbers of the reserved sub-channels and time slots for random access, respectively. With the above definitions, a MINLP optimization problem is formulated to maximize the efficiency η(r, m, k) by determining the optimal values of r and m for a given k, i.e., 
IV. ANALYSIS
A. Efficiency of Reserved Radio Resources
Denote N s as the number of successfully transmitted bandwidth and ranging requests during one uplink sub-frame, and N s as that during one time slot. It is assumed that each request asks for a chunk of one time slot at one sub-channel and each mobile station always has frames to send. Then, based on the previous definition, the average spectrum efficiency η of the reserved radio resources for random access can be expressed as
where m and r are the numbers of reserved time slots and sub-channels for random access. Denote T as the event that at least one mobile station transmits in a time slot and the probability of event T is equal to
where τ is the probability that a station transmits a frame in a given time slot. Thus, it follows that
Given W the average backoff time slots that a mobile station defers before each transmission attempt, the transmit probability τ that a station transmits a request in a reserved slot can be expressed as τ = . Note that the backoff count is decreased by one for each reserved slot in a frame. Therefore, the transmit probability τ is equal to the inverse of the average backoff counts because both of these factors only consider the reserved slots instead of the whole of a frame. Let W min and f be the initial backoff window size and the maximum number of transmission attempts, respectively. Because the users with colliding frames double their backoff window sizes in the next transmission, the average number of backoff slots for the i-th retransmission W i is written as
for i = 0, · · · , f. Given T o the timeout duration 1 , a station has to defer an extra duration of m T o /T f slots before the retransmission according to the random access procedure. With the random backoff time slots W i for the i-th retransmission, the average backoff slots W then becomes (6) where p c is the collision probability, which is defined as the probability that more than one station transmit frames at the same sub-channel and time slot given that a station transmits. Assuming that each station randomly selects one of r reserved sub-channels to access with the probability 1/r, the collision probability p c can be written by
Note that in (6), p i c (1 − p c ) represents the success probability for the i-th retransmission. Thus, the transmission probability τ can be obtained by jointly solving (5) ∼ (7).
In addition, because each station has the probability τ r to access one chunk of the reserved sub-channel and time slot, the average number of successful transmissions for the initial ranging or bandwidth request given at least one station
By substituting (4) and (8) into (??), the efficiency η of the reserved radio resources is given by
B. Average Access Latency
As defined previously in Section III.B, the average access latency D is equal to the overall duration that a mobile station waits until successfully transmitting a bandwidth/ranging request frame. Given the average number of overall slots E[W D ] before a successful request transmission and the frame duration T f , the average access latency D can be written as
Here, we only count the latency in terms of frame duration because the slot time is much shorter than a frame duration. Suppose that each bandwidth/ranging request frame transmission only occupies one reserved slot in a frame. For the average backoff slots at the i-th retransmission as W i , the timeout duration as T o , and the collision probability as p c , it is shown in [10] that given the request is successfully transmitted the average over all backoff slots
E[the total number of the required slots for a successful transmission |the request is
successfully transmitted]
By substituting (7) and (11) into (10), the average access latency D can be obtained. Note that the collision probability p c , as shown in (7), is affected by the number of reserved subchannels r. Thus, the average overall slots E[W D ] and access latency D are also the functions of r.
V. NUMERICAL RESULTS
In this section, we investigate the performances of the proposed radio resource partition technique to determine the optimal number of reserved sub-channels and time slots for random access in the time division OFDMA system. Related system parameters are listed in Table I .
A. Performances of Default Radio Resource Partition
According to (9) , the efficiency of the reserved radio resources for the random access versus various numbers of stations is plotted in Fig. 3 . The highest efficiency of the reserved random access radio resources occurs for the number of users k = 85 when r = 1 and T o = 10. Next, based on (10), Fig. 4 shows the average latency of the multi-channel Fig. 3 . Efficiency of the reserved radio resources based on the multi-channel random access MAC protocol with three time slots per frame and one/six sub-channels to send bandwidth/ranging requests in an OFDMA system by simulation and analysis, where To = 10 msec.. random access MAC protocol in the OFDMA system for various numbers of stations and timeout values. As shown, only one partition scheme can satisfy the delay requirement D max = 25 msec for supporting real-time services. Thus, it is necessary to investigate better alternative resource partitions.
B. Performance of Optimum Radio Resources Partitions
Through the suggested MINLP optimization approach and verified by the exhaustive search approach, Table II lists the optimal (r * , m * ) with the maximal efficiency of the reserved sub-channels and time slots for T o = 10 msec subject to the constraint of D max = 25 msec, respectively. Fig. 5 compares the efficiency of the reserved radio resources for random access and the access latency based on the above optimal radio resource partition scheme of Tables II and that based on the default partition scheme (r, m) = (6, 3) in the case of T o = 10 msec. As shown, under the constraint of D max = 25 msec, the proposed optimum resource partition scheme can support up to 200 users, but the default partition can only support k < 10. For T o = 10 msec, the efficiency of the reserved radio resource based on the optimal partition scheme is significantly higher than the default partition scheme especially for the case of few contending stations.
VI. CONCLUSIONS In this paper, based on a multi-channel random access MAC protocol with a collision avoidance binary bacoff algorithm, Average latency of the reserved radio resources based on the multi-channel random access MAC protocol with three time slots per frame and one/six sub-channels to send bandwidth/ranging requests in an OFDMA system by simulation and analysis. -channels  10  7  1  30  18  1  50  29  1  100  29  2  150  42  2  200  38  3 we formulated a MINLP optimization problem to determine the most appropriate numbers of sub-channels and time slots that should be reserved in the frequency and time domain of the OFDMA system for sending the bandwidth/ranging requests. We further derived the analytical expressions for the efficiency of the reserved resources and the latency of the contention-based multi-channel random access MAC protocol.
In [10] , we will show how to apply the developed analytical models to obtain useful insights into the design of effective time/frequency two-dimension resource allocation schemes for OFDMA systems.
